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Figure 1. Power-law fit to the BATSE LAD CONT spectrum at the time of the first hard X-ray burst for a flare observed on

6 September 1992

of the flare plasma. The latter is given by n =~ VEM]2fAL, where A and L denote the cross-sectional area and
half-length, respectively, of the flare loop. The parameter f is the loop filling factor which is determined from the

data analysis.

(c) Data Analysis .

The simultaneous hard and soft X-ray data were analyzed using a flare heating model in which plasma is Joule-
heated by magnetic field-aligned coronal currents, and electrons are runaway-accelerated simultaneously by DC-
electric fields (Holman 1985, Tsuneta 1985). A novel analysis technique was developed in which the DC-electric field
strength could be derived by solving a simplified equation of energy balance. The energy balance equation (integrated

over the loop volume) is given by:

VdU/dt = V.Qeurr — V Prad (2),

o ek’ g bToictha tatq) thermalenersy af the flare Jogn, Qae-is the quuent heating rate (assumed uniform

e

along the loop), and Prag = 2.2 x 10-19n2T7-1/2 is the energy loss due to radiation. The parameters n and T refer to
the density and temperature within the loop, respectively. The latter parameters are expected to become spatially
uniform after approximately a hydrodynamic timescale (~ 30 — 60 s). The volume of the current-heated region V. is
assumed to be less than the total volume V of the loop. From the ratio of these two volumes, the loop filling factor
f =V./V is defined.

For a loop that is heated uniformly by current-dissipation, the Joule heating rate is given by:
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Figure 2. Spectral fit to BCS Ca XIX spectrum for a flare observed on 6 September 1992 showing two-component temperatli;*e fit

to line profile.

Qeurr = nkTv.(E/Ep)? ergs cm™3 71 (3),

where v, &~ 3.2 x 102nT~3/2 s=1 is the thermal collision frequency (for classical resistivity), E is the electric field
strength (assumed uniform along the loop length), and Ep =7 x 10~8nT-! volts cm™! is the Dreicer field. The
Dreicer field is the field strength at which all the electrons in the plasma undergo thermal runaway.

Given T and n from soft X-ray observations, the energy balance equation is reduced to the two unknowns: E and
f. Two different methods were developed and applied for solving the energy equation assuming different constraints

on the unknown parameters.
Method (1): Constant Filling Factor

It is expected that the observed plasma will be filamented into numerous unresolved structures. Electrodynamic
arguments indicate that filamentation is necessary to ensure a stable current system in which the overall self-induction
magnetic field of current-carrying electrons is less than the ambient magnetic field strength. Substituting Qcurr into

equation (2), the following dependence of £ on the filling factor f was derived:

_ (U + Prod)
E=Ep v fnkTv, (4).

The parameter f was assumed to be constant in time and a grid of solutions for £ as a function of time was
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the observed flux. In this case, the density within the current-heated region was too low to provide a large enough
population of thermal electrons to undergo runaway. Tor f < .001, runaway acceleration also failed to match the
ohserved number flux. Examination of equation {H), shows that Nrun - exp(=Fp/E). Since Ep ~ n, the runaway
rate draps exponentially with increasing density. Physically, the runaway electrons become thermalized by collisions

when the density in the current-heated region becomes very large.
Method (2): Constant Low-energy Electron Cutoff

The assumption of a filling factor that is constant in time is likely to become invalid as the flare energy is distributed
.throughout the loop system and the heating process extends to possibly multiple loops. The:following method was
developed to avoid this assumption.

Combination of the observed nonthermal thick-target flux [equation (1)] with the predicted runaway electron
flux [equation (5)] gives an expression for the current-heating and acceleration volume V.. Elimination of V.
from the energy-balance equation-reduces it to a function of the unknowns, ¢ = E/Ep and E..;. Substitution
of Eerit = me(ED/E)vez/Q further reduces energy-balance to an equation in the single unknown E.

Using the soft X-ray inferred values of n and T, no. physically plausible solutions for E could be derived to
satisfy this equation. In general, it was found that for the typical range of soft X-ray electron temperatures of
10 — 25 x 10° K during the flare, the predicted number flux of runaway electrons was 2-3 orders of magnitude

below that required to explain the observed nonthermal electron flux implied by BATSE observations. One possible

resolution of the discrepancy is to invoke some form of anomalous resistivity that increases the effective collision

[—y

that the physical parameters defining anomalous resistivity are not well understood. A second means for increasing
the number of nonthermal electrons in the current channels is to invoke the existence of a hotter plasma component in
the acceleration region. The higher-temperature would raise the population of thermal electrons available to undergo
runaway and produce nonthermal hard X-rays.

The temperature in the acceleration region can be expressed in terms of the critical energy,
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Figure 4. Temporal variations of the the high-temperature component deduced from solving energy-balance in a loop with a DC-

electric field component. Shown are different temperature variations in two flares (observed by CGRO/BATSE and Yohkoh) for

different values of the critical energy above which electrons are accelerated by electron runaway. The computed temperatures are
compared with the temperatures inferred from Yohkoh HXT and BCS. The computed temperatures are more consistent with the

super-hot temperatures implied by HXT than the cooler soft X-ray temperature implied by BCS.

The main thrust of the analysis was to investigate how coronal currents and their associated DC-electric fields

can be used to self-consistently explain thermal and nonthermal emissions in solar flares. The analysis technique
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involved the solution of a simplified ene-gy-balance equation in a quasi-static loop that was uniformly heated by
field-aligned currents. The energy-balance equation was redizced to the three unknowns: electric field strength® F.
filamentation factor f, and eleciron low-encigy cutofl E.. A farnily of sotutions for E was derived using two different
methods. In the first method, f was assumed constant in time and derived by matching the predicted runaway -
electron flux with the BATSE-computed nonthermal flux. iIn this case, the energy-balance solutions required that
the filamented subregions-occupy a volume that is $ 10~3 of the total loop volume. Such filamentation is necessary
to ensure a sufficiently high density of thermal electrons to undergo runaway acceleration. Strong filamentation of
current-heated plasma is consistent with electrodynamic constraints that require a stable current system. In the
second method, the acceleration region was assumed to be at a different temperature from the thermal soft X-ray
emitting plasma. In_this case, the energy-balance solutions required that the acceleration region have temperatures
that are characteristically superhot.

Based on the joint analysis of CGRO and Yohkoh data, it is concluded that current heating and runaway accel-
eration mechanisms provide a viable means of explaining and understanding thermal and nonthermal processes in
solar flares. The above results have been presented at several meetings, including the “High Energy Solar Physics
Workshop” held in August 1995 at GSFC, Maryland, and_p workshop on “Observations of Magnetic Reconnection
in the Solar Atmosphere” held in Bath, England in Maréil, 1996. These results are being prepared for publication in
the Astrophysical Journal :
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